The regulation of electrical membrane potential is a fundamental property of living cells. This biophysical parameter determines nutrient uptake, intracellular potassium and turgor, uptake of toxic cations, and stress responses. In fungi and plants, an important determinant of membrane potential is the electrogenic protonpumping ATPase, but the systems that modulate its activity remain largely unknown. We have characterized two genes from Saccharomyces cerevisiae, PTK2 and HRK1 (YOR267c), that encode protein kinases implicated in activation of the yeast plasma membrane H ؉ -ATPase (Pma1) in response to glucose metabolism. These kinases mediate, directly or indirectly, an increase in affinity of Pma1 for ATP, which probably involves Ser-899 phosphorylation. Ptk2 has the strongest effect on Pma1, and ptk2 mutants exhibit a pleiotropic phenotype of tolerance to toxic cations, including sodium, lithium, manganese, tetramethylammonium, hygromycin B, and norspermidine. A plausible interpretation is that ptk2 mutants have a decreased membrane potential and that diverse cation transporters are voltage dependent. Accordingly, ptk2 mutants exhibited reduced uptake of lithium and methylammonium. Ptk2 and Hrk1 belong to a subgroup of yeast protein kinases dedicated to the regulation of plasma membrane transporters, which include Npr1 (regulator of Gap1 and Tat2 amino acid transporters) and Hal4 and Hal5 (regulators of Trk1 and Trk2 potassium transporters).
The plasma membrane H ϩ -ATPase plays a crucial role in the physiology of fungi and plants (51, 52) , and the activity of this electrogenic proton pump must be finely regulated to match the requirements for nutrient uptake, osmotic balance, ion homeostasis, and stress tolerance. Accordingly, H ϩ -ATPase activities correlate with growth rates (42) and stress responses (4, 32, 39) . One mechanism of plasma membrane H ϩ -ATPase regulation occurs at the transcriptional level. In the yeast Saccharomyces cerevisiae, the transcription factors Rap1 and Gcr1 mediate the increase in H ϩ -ATPase expression triggered by glucose metabolism. On the other hand, the transcription factor Gln3 determines increased expression of the enzyme under conditions of ammonium starvation. In addition to these nutritional responses, the H ϩ -ATPase gene (PMA1) is also regulated by the Mcm1 transcription factor, which connects the proton pump with regulatory pathways for cell growth cycle and cell wall integrity (40).
The H ϩ -ATPase activity is reversibly regulated by several nutritional, environmental, and stress factors. The mechanism of this posttranslational regulation is similar in yeasts and plants: the activators overcome negative regulation by an inhibitory domain located at the carboxyl terminus of the enzyme (40, 43). In S. cerevisiae, glucose metabolism activates the ATPase (49) and increases its proton-pumping efficiency (59) , as required by the high growth rate induced by this preferred carbon source (15) . Several conserved residues at the carboxyl terminus play an important role in the glucose activation of yeast H ϩ -ATPase, and they include the potential phosphorylation sites Ser-899 and Thr-912 (12, 44) .
Very little is known about the machinery mediating activation of fungal and plant H ϩ -ATPases. Preliminary evidence points to phosphorylation of the inhibitory domain as part of the activating mechanism (40). In yeast cells, the results of site-directed mutagenesis suggest that phosphorylation of Ser-899 activates the H ϩ -ATPase (12) , but the nature of the protein kinase(s) participating in this activation is not clear. Glucose metabolism in yeast is known to activate protein kinase A (61) , but this kinase does not seem to participate in the glucose activation of the H ϩ -ATPase (30, 37). Genetic analysis of the machinery which activates yeast H ϩ -ATPase has been complicated by the fact that mutations in multiple genes affecting the level of expression of the enzyme (see above) mimic the effect of mutations in the activation system (16) . In addition, the presence in centromeric genomic libraries of several allele-nonspecific suppressors which increase the expression level of the H ϩ -ATPase further complicates genetic analysis (N. de la Fuente, A. Goossens, R. Serrano, and F. Portillo, unpublished results). Biochemical analysis of H ϩ -ATPase phosphorylation in isolated membranes has demonstrated the participation of casein kinase I. The activity of this essential and multifunctional kinase is inhibitory for the H ϩ -ATPase, and the existence of another, yet uncharacterized, "upregulating" kinase activated by glucose was postulated (13) . Actually, a correlation between glucoseinduced phosphorylation and activation of yeast H ϩ -ATPase has been demonstrated (6) .
In the present work, a genetic screen based on lithium tolerance and a systematic analysis of mutant phenotypes of yeast protein kinases have converged on the identification of a protein kinase, Ptk2, which mediates the Ser-899-dependent part of the glucose activation of yeast H ϩ -ATPase. This kinase belongs to a subfamily of protein kinases dedicated to the regulation of plasma membrane transporters.
MATERIALS AND METHODS
Yeast strains, culture conditions, and analysis of salt tolerance. The S. cerevisiae strains used for this work, with the exception of those described in the next section, are listed in Table 1 . Strains were derived by transformation (24) , and crosses and standard methods for yeast culture and manipulation were used (18, 54) . In order to test for tolerance to toxic salts, the different strains were grown to saturation (48 h) in liquid synthetic minimal medium (SD) containing 2% glucose, 0.7% yeast nitrogen base without amino acids (Difco, Detroit, Mich.), 50 mM succinic acid adjusted to pH 5.5 with Tris base, and adenine (30 g/ml), histidine (30 g/ml), leucine (100 g/ml), tryptophan (80 g/ml), and uracil (30 g/ml) as required by the different strains. Cultures were diluted 10-, 100-, and 1,000-fold, and volumes of about 3 l were dropped with a stainless steel replicator (Sigma, St. Louis, Mo.) on plates containing 2% Bacto Agar (Difco) and either SD or rich medium with the toxic cations. Rich medium (YPD) contained 1% yeast extract (Difco), 2% Bacto Peptone (Difco), and 2% glucose. MnCl 2 , norspermidine, and hygromycin B were added to the autoclaved medium before it was poured. All the other salts and sorbitol were added before autoclaving. In the case of SD plates with acetic acid, no succinic acid was included, but pH was also adjusted to pH 5.5 with Tris.
Isolation and genetic analysis of sen mutants. Spontaneous mutations which suppressed the lithium sensitivity of strain SKY697 (ena1-4::HIS3 derivative of W303-1A) were isolated as colonies growing after 7 days in SD plates supplemented with methionine (100 g/ml) and 50 mM LiCl. The salt tolerance mutations were designated sen for suppression of ena1-4 and appeared with a frequency of about 10
Ϫ5
. Such a high frequency may reflect the large number of genes related to salt homeostasis in yeast (10) . Of 250 independent mutants, 6 were selected as the most resistant in plates with 75 mM LiCl. After crossing with strain AG86 (ena1-4 but opposite mating type to SKY697), sporulation, and tetrad dissection, all six mutations proved to be monogenic recessive and defined two complementation groups: sen1 with one allele (sen1-1) and sen2 with five alleles (sen2-1 to sen2 -5) .
Sequencing of the sen1-1 mutation. A complementation test crossing the sen1-1 mutant (strain AG151) with the ptk2 mutant (strain AG149) demonstrated that these mutations are allelic. A genomic PCR with primers sp (5Ј-ATTCACCTTCGTCTTCTGCTG) and asp (5Ј-AAGGGGAACATCCGTATC TT), corresponding to positions ϩ202 and ϩ683 from the start codon of the PTK2 open reading frame, respectively (see Fig. 3 ), amplified a fragment in the sen1-1 mutant of 818 bp, with an insertion of 336 bp compared to the wild type. This fragment was sequenced using the primers described above with a 310 ABI Prism Genetic Analyzer and cycle sequencing (Applied Biosystems, Foster City, Calif.). Expression of constitutively active Pma1. The chromosomal copy of PMA1 was placed under control of the galactose-dependent GAL1 promoter by integrative transformation with the URA3 plasmid pRS-61 as described (7) . The constitutively active pma1-245 mutant ATPase, lacking the last 18 amino acids of the enzyme, was expressed from plasmid pRS-496 (centromeric and with LEU2 marker) (43).
Replacement of pma1-Ser899Asp and pma1-Ser899Ala mutant alleles with chromosomal wild-type PMA1. The pma1-Ser899Asp and pma1-Ser899Ala mutant alleles (12) were subcloned in plasmid pFP36 by exchange of a 2.2-kb XbaI fragment as described (29). This plasmid contains a 5-kb HindIII fragment including the PMA1 gene and a downstream URA3 marker. The pma1::URA3 fragments containing the mutations were used for yeast transformation.
Assays for the Pma1 ATPase. Proton efflux from the cells was measured at pH 4.0 after starvation and readdition of glucose (48). This assay has been demonstrated to correlate with the in vivo activity of the Pma1 ATPase (41, 42, 48). Yeast total membrane fraction and purified plasma membranes were isolated with or without treatment of the cells with glucose, and specific ATP hydrolysis corresponding to Pma1 activity was assayed (with 2 mM ATP unless otherwise indicated) (49, 50). Protein concentration was measured with the Bio-Rad (Hercules, Calif.) protein assay reagent and bovine globulin as the standard. The amount of Pma1 in membranes was quantified by immunoassay with specific antibody as described (11) .
Uptake of lithium and methylammonium. (i) Lithium uptake. Cells growing in YPD medium were supplemented with 40 mM LiCl and incubated for 90 min; the steady-state intracellular lithium concentration was measured by atomic absorption spectrometry after centrifugation, washing, and extraction of the cells as described (33).
(ii) Methylammonium uptake. Cells were grown in SD medium, washed, and incubated for 90 min in 50 mM succinate-Tris buffer (pH 5.5) with 2% glucose and 0.25 mM [
14 C]methylammonium; the steady-state intracellular [ 14 C]methylammonium concentration was measured by liquid scintillation counting after filtration and washing as described (33).
RESULTS
Mutation suppressing the lithium sensitivity of ena1-4 disruptants. The ENA1 gene, encoding a cation extrusion pump, is a major determinant of salt tolerance in S. cerevisiae (19) . Accordingly, most screenings for either gain or loss of salt tolerance result in mutations of either this gene or the multiple components of its complex regulatory system (53) . In order to identify novel determinants of salt tolerance and ion homeostasis, we have performed a screening based on the isola- tion of mutations suppressing the lithium sensitivity of ena1-4 disruptants in medium supplemented with methionine. Deletion of the ENA1 gene obviated the complex regulatory system of this important determinant of salt tolerance (53), and methionine supplementation precluded mutations of the salt-sensitive methionine biosynthetic pathway (17) . The use of lithium as the toxic cation instead of sodium offered the advantage that this cation inhibits growth at concentrations low enough to pose no osmotic problems. We considered that this approach could lead to the regulatory system of the plasma membrane H ϩ -ATPase because of the observation that mutations which decrease the activity of the enzyme result in tolerance to toxic cations (38, 56, 57, 62).
We have characterized two complementation groups of spontaneous recessive mutations resulting in lithium tolerance. Mutations at the SEN2 locus (suppressor of Ena) are the most abundant, with frequencies of about 10 Ϫ6 . They confer specific lithium tolerance and have no effect on the sensitivity of yeast cells to other toxic cations, such as sodium, hygromycin B, manganese, and tetramethylammonium. Until now it has not been possible to clone the responsible gene by complementation.
One of the lithium tolerance mutations corresponded to the SEN1 locus and exhibited pleiotropic phenotypes related to cation homeostasis. As indicated in Fig. 1 , the sen1-1 mutant is tolerant to concentrations of lithium, sodium, manganese, hygromycin B, and tetramethylammonium which are highly toxic to wild-type cells. On the other hand, the mutation causes sensitivity to acetic acid and has no effect on sorbitol stress.
Reduced cation accumulation and ATPase activity in the sen1-1 mutant. Toxic cation tolerance may be due to reduced cellular uptake and, as indicated in Table 2 , steady-state uptake of lithium and methylammonium is reduced by the sen1-1 mutation. Therefore, a reasonable hypothesis to explain the phenotype of sen1-1 mutants (Fig. 1) is that the uptake of diverse toxic cations is reduced. The cellular uptake of cations is driven by the plasma membrane electrical potential (negative inside) (28, 52, 57), and as these toxic cations are unlikely to use a common transporter, the results could be explained by a decrease in this biophysical parameter as the primary effect of the sen1-1 mutation.
A simple model for the regulation of membrane potential in yeast is that it is determined by the concerted activities of the electrogenic proton-pumping H ϩ -ATPase (the generator of electrical potential) and of the Trk1,2 potassium uptake system, a major consumer of electrical potential (28, 33). The high rates of proton efflux balanced by potassium uptake which can be measured in yeast cells suggest that these could be the most active electrogenic systems (48, 52). As indicated in Fig. 2A , the sen1-1 mutant exhibited decreased proton-pumping activity in vivo (26% of wild-type value). Western blot and quantitative scanning analysis, on the other hand, indicated normal levels of the enzyme (Fig. 2B) . Assay of ATP hydrolysis in isolated membranes also indicated decreased plasma membrane H ϩ -ATPase activity in the sen1-1 mutant (70% of wild-type value; data not shown). Therefore, the hypothesis was advanced that the sen1-1 mutation, by reducing the activity of the plasma membrane H ϩ -ATPase, decreases the electrical potential and the uptake of toxic cations. The sensitivity to acetic acid of this mutant is in agreement with previous work demonstrating that the level of ATPase activity is a positive determinant of tolerance to acid stress (42, 57). In addition, the sen1-1 mutant exhibited no growth phenotype in medium with limiting potassium concentrations (data not shown), at variance with mutations in the Trk1,2 transport system (14, 33). sen1-1 mutation is a "solo ␦-LTR" insertion in the PTK2 gene. As no complementation of the sen1 mutation could be achieved with the PMA1 H ϩ -ATPase gene, we hypothesized that it was the regulatory system of the enzyme which was affected. Recently, a protein kinase subfamily has been identified in yeast, the Npr1 subgroup (22) , which seems to be dedicated to the regulation of plasma membrane transporters. Members of this subfamily regulate the Gap1 amino acid permease (Npr1) (55, 58), polyamine uptake mediated by an uncharacterized transporter (Ptk1,2) (25, 26, 36), and the Trk1,2 potassium transporter (Hal4,5) (33). It was tempting to speculate that a kinase of this subfamily could regulate the plasma membrane H ϩ -ATPase and be responsible for the sen1-1 mutation.
The Npr1 subfamily of yeast protein kinases has nine members, but disruption of only two of these genes significantly affected proton pumping in vivo. They corresponded to YJR059w and YOR267c, whose disruptions resulted in rates of proton pumping that were 27 and 50% of the wild-type value, respectively. ATP hydrolysis by purified plasma membranes was also reduced in the disruptions of YJR059w and YOR267c to 65 and 75% of the wild-type value, respectively, but not in the mutations of the other seven genes of the subfamily. YJR059w corresponds to PTK2/STK2, the protein kinase gene previously described as being required for polyamine transport (26, 36). A phenotype for YOR267c has not previously been described.
In the process of checking the gene disruption of YJR059w, we made the fortuitous observation that the sen1-1 strain had an insertion at its PTK2 locus (Fig. 3) . Cloning and sequencing demonstrated that this insertion corresponded to a "solo ␦-LTR" derived from the yeast Ty retrotransposon (3) interrupting the PTK2 ORF at position 467. Accordingly, disruption of the PTK2 gene resulted in the same pleiotropic growth phenotypes and H ϩ -ATPase alterations as the original sen1-1 mutation (Fig. 1) . Crossing the sen1-1 and ptk2 strains demonstrated that these recessive mutations were allelic, and these results indicate that sen1-1 is a null allele of PTK2. The sen1-1 and ptk2 mutations could be complemented with the 3.4-kb BamHI genomic fragment (26, 36) containing the PTK2 gene in the 2m multicopy plasmid. However, complementation by this fragment in a single-copy, centromeric plasmid was only partial, as previously reported (36). This can be explained if regulatory regions of the PTK2 gene extend into 5Ј-and/or 3Ј-flanking genes (CDC8 and CBF1, respectively).
The ptk2 mutation affects the glucose-induced change in K m of the plasma membrane H ϩ -ATPase. The glucose activation of the H ϩ -ATPase can be separated into two kinetic effects assigned to two independent regulatory sites within the carboxyl terminus: a glucose-induced decrease in the K m for ATP probably depends on phosphorylation of Ser-899, while a glucose-induced increase in the V max of the enzyme requires Arg-909 and Thr-912 by a mechanism more complex than simple phosphorylation (10, 40, 44) . As indicated in Table 3 , the ptk2 mutation blocks the affinity (K m ) change in the H ϩ -ATPase induced by glucose, with no effect on the increase in V max . Therefore, we next investigated the effect of mutations at the carboxyl terminus of the ATPase on the phenotype of the ptk2 mutant.
Suppression of ptk2 by mutations at the carboxyl terminus of Pma1. In order to investigate if Ptk2 regulates the H ϩ -ATPase by acting on its C-terminal regulatory domain, we tested if deletion of this inhibitory domain, which results in a constitutively active H ϩ -ATPase (43), suppressed the phenotypes of the ptk2 mutation. As indicated in Fig. 4 (column 3) , ectopic expression of a truncated Pma1 ATPase in a singlecopy, centromeric plasmid partially suppressed the tolerance to sodium and lithium caused by the ptk2 mutation. The Pma1 ATPase is known to be oligomeric, probably hexameric (1, 31, 52), and the partial nature of the suppression could be explained if the simultaneous expression of wild-type and truncated copies resulted in mixed ATPase oligomers with only partial deregulation. Because of the essential nature of the PMA1 gene, exclusive expression of the truncated ATPase required the use of a yeast strain in which the wild-type chromosomal PMA1 gene is under galactose control and which, in glucose medium, expresses only the truncated ATPase (43). Complete suppression of ptk2 phenotypes could be obtained with this strain (Fig. 4, column 4) . The tolerance to hygromycin B and tetramethylammonium of the ptk2 mutant was also suppressed by deletion of the regulatory domain of Pma1 (not shown).
Phosphorylation of Ser-899 at the C terminus has been pro- a Strains W303-1B (PTK2 YOR267c), FPY1434 (ptk2 YOR267c), and FPY1506 (PTK2 yor267c) are described in Table 1 .
b ATPase activity of purified plasma membranes was assayed at pH 6.5 with a range of Mg and ATP concentrations from 0.8 to 6 mM and an excess Mg over ATP of 5 mM (10). The apparent K m and V max were extrapolated from doublereciprocal plots fitted using a standard least-squares method (linear regression coefficients, r ϭ 0.96 to 0.98). Similar values (within 10%) were obtained with two different plasma membrane preparations isolated independently. GS, glucosestarved cells; GF, glucose-fermenting cells. Cells were grown, collected, and treated or not with glucose before homogenization, and plasma membranes were isolated as described in Materials and Methods.
posed to result in Pma1 activation because the Ser899Ala mutation reduced glucose activation and the Ser899Asp mutation mimicked the glucose-activated state (12) . As indicated in Fig.  5 , the Ser899Ala mutation of the H ϩ -ATPase produced a phenotype of resistance to sodium, hygromycin B (Fig. 5) , and lithium (not shown) similar to that of the ptk2 mutation. On the other hand, the Ser899Asp-mutated H ϩ -ATPase suppressed the phenotypes caused by the ptk2 mutation. These results are consistent with the idea that Ptk2 acts on the C terminus of the ATPase through phosphorylation of Ser-899.
Protein kinase YOR267c affects the sensitivity of yeast cells to hygromycin B. As indicated above, the protein kinase YOR267c also affected Pma1 activity, although to a lesser extent than Ptk2. As indicated in Table 3 , in the ptk2 mutant, glucose does not at all improve the affinity of the ATPase for ATP, while in the case of the yor267c mutant, glucose still increases this affinity somewhat, although to a lesser extent than in the control strain. Also, the growth phenotypes of mutants with gain and loss of function of YOR267c were weaker than those of PTK2 mutants. Disruption of YOR267c increased tolerance to hygromycin B but not to sodium (Fig.  6) , lithium, or norspermidine (not shown). Disruption of PTK2 increased the tolerance of yeast cells to all these toxic cations. Also, overexpression of YOR267c only partially reduced the tolerance to hygromycin B of ptk2 mutants, without affecting tolerance to NaCl (Fig. 6) , lithium, or norspermidine (not shown). Overexpression of PTK2 in either wild-type yeast, YOR267c mutants, or ptk2 mutants decreases the tolerance of yeast cells to all these toxic cations (Fig. 6 and data not shown) .
DISCUSSION
The participation of the protein kinase Ptk2 in the regulation of ion transport in yeast represents the merging of two apparently independent lines of research, polyamine transport and salt tolerance. Ptk2 was initially identified as a yeast protein kinase required for polyamine transport (26, 36), and we now report that Ptk2 is required for the sensitivity of yeast cells to several toxic cations, including lithium, sodium, hygromycin B, manganese, tetramethylammonium, and polyamines. Although previous work suggested a direct regulation of the polyamine transporter by Ptk2 (26, 36), we interpret the effects of this kinase on cation transport as probably being indirect. Ptk2 is required for the full activation of the yeast plasma membrane proton pump (Pma1) by glucose and therefore for the glucose-energized uptake of different cations such as lithium, methylammonium, and polyamines. A plausible interpretation is that, by activating Pma1, Ptk2 increases the electrical membrane potential of the yeast plasma membrane, negative inside, and that this biophysical parameter determines the uptake of toxic cations mediated by different transport systems (Fig. 7) . As it is unlikely that lithium, tetramethylammonium, hygromycin B, and polyamines use the same transport system, the energization of different cation transport systems by the electrical membrane potential could explain the pleiotropic nature of ptk2 mutations. The nature of the polyamine transporter in yeast is not known (23) . Monovalent cations may enter yeast cells by a low-affinity transporter which has only been identified at the electrophysiological level (45) and which may correspond to the plant LCT1 gene (46).
As indicated in the model in Fig. 7 , the major determinants of plasma membrane potential in yeast are the Pma1 proton pump (the electrical generator) and the Trk1,2 high-affinity K ϩ transport system, a major consumer of electrical potential because of the high rates of K ϩ uptake in K ϩ -starved cells (52) . Our hypothesis is that the relative activity of these two systems sets the steady-state value of the electrical potential and in so   FIG. 4 . Deletion of the inhibitory domain of Pma1 suppresses the growth phenotypes of the ptk2 mutation. Strains SKY697 (wild type for PTK2, column 1), AG149 (ptk2, column 2), AG205 (ptk2 with plasmid pRS496 expressing truncated Pma1, column 3) and AG224 (ptk2 pma1::URA3-GAL1 promoter-PMA1 with chromosomal ATPase under galactose control and plasmid pRS496 expressing truncated Pma1, column 4) were grown in liquid SD medium to saturation, and serial dilutions were dropped on SD plates with either NaCl (0. doing modulates the activity of secondary active transport systems such as those involved in nutrient and toxic cation uptake. In addition, the Pma1 and Trk1,2 systems modulate important biophysical parameters, such as internal and external pH, cell turgor, and intracellular K ϩ concentrations. Therefore, the regulation of major determinants of ion homeostasis such as Pma1 and Trk1,2 is crucial for cell metabolism and growth and for the sensitivity to toxic cations. Although the absolute values of the yeast plasma membrane potential cannot be measured by electrophysiological methods (28), a series of indirect measurements indicate that this biophysical parameter correlates with the uptake of cations such as hygromycin B, methylammonium, and tetraphenylphosphonium (28, 33, 38, 57).
Mutations of the Pma1 ATPase which decrease the electrogenic activity of the enzyme cause the same pleiotropic growth phenotypes of tolerance to toxic cations as the ptk2 mutations described in the present work (38, 56, 62). It would be interesting to determine the causal relationship between the different mutations affecting the activity of Pma1 and the different growth phenotypes exhibited by cells. As a tentative interpretation, the electrogenic activity of the proton pump, modified by either mutation or altered phosphorylation, would set different levels of the electrical membrane potential (Fig. 7) . Cation transporters would then exhibit a differential response according to their specific voltage sensitivities. The different phenotypes of YOR267c and Ptk2 protein kinase mutants, as well as the different phenotypes exhibited by pma1 mutants (31), may be explained by their different levels of protonpumping activity. Additional complications include the fact that decreased activity of the plasma membrane ATPase somehow enhances vacuolar compartmentation of toxic cations (34).
Npr1, the founding member of a subfamily of yeast protein kinases, regulates the activity and stability of the amino acid permeases Gap1 and Tat2 in response to ammonium availability, probably by direct phosphorylation of these membrane proteins (47). We have previously described two redundant protein kinases of the Npr1 subfamily (Hal4 and Hal5) which regulate Trk1,2, the major high-affinity K ϩ transport system of yeast, in response to K ϩ starvation (33). Now we report that another member of the Npr1 group, Ptk2, regulates the yeast proton pump Pma1 in response to glucose metabolism. In addition, two other protein kinases of the Npr1 group, Ptk1 and YOR267c, seem to modulate Pma1. Ptk1 is highly homologous to Ptk2, and its gene was discovered as a multicopy suppressor of the polyamine uptake defect of ptk2 mutants (25) . Disruption of ptk1 causes no growth or Pma1 activity phenotype (F. Portillo, unpublished results). It could correspond to a protein kinase similar in function to but less active than Ptk2. Although YOR267c is much more related to Npr1 than to Ptk2, it also regulates Pma1 activity. However, the growth phenotypes of gain and loss of function for this kinase are restricted to hygromycin B, and we propose to rename YOR267c HRK1, for hygromycin resistance kinase. According to the model developed above, the unknown transporter for hygromycin B may be more sensitive than other cation transporters to the small changes in membrane potential determined by the YOR267c mutations. Finally, Npr1 itself seems to regulate ion homeostasis, because although its disruption has no significant effect on Pma1 activity (F. Portillo, unpublished results), it reduces polyamine transport (27) and slightly increases sodium tolerance (S. Kron, personal communication), as if this kinase also contributed to Pma1 activity.
The emerging picture is that yeast cells contain a subfamily of protein kinases which are dedicated to the regulation of plasma membrane transporters and which may exhibit some promiscuity. Ptk2 and Hal4,5 are the major regulators of Pma1 and Trk1,2, respectively, while Npr1 modulates the amino acid transporters Gap1 and Tat2, although it may also act on Pma1, together with less active kinases such as Ptk1 and Hrk1. The specificity of these protein kinases is unknown, and it remains to be demonstrated at the biochemical level that they act directly on the Pma1 protein and other transporters, because the observed effects could be indirect. The existence of kinase cascades dedicated to ion homeostasis is plausible, and the signalling pathways should have sensors of basic cellular parameters such as energy metabolism, membrane potential, pH, K ϩ concentration, and turgor. These mechanisms, and the nature of the protein phosphatases counteracting the activating kinases, are currently under investigation.
The glucose-induced affinity change of the ATPase requires, in addition to the protein kinase Ptk2, the ubiquitin-protein ligase Rsp5 (8) , suggesting that the turnover of some protein(s) is also important for the regulation of the ATPase. The glucose-induced increase in the V max of the ATPase depends on Arg-909 and Thr-912, which define a potential phosphorylation site for calmodulin-dependent protein kinase II. However, mutational analysis has indicated that the mechanism of V max regulation is more complex than simple phosphorylation (12) and involves the membrane protein YOR137c (9) and the small heat shock protein Hsp30 (4) . Other pieces of the puzzle of ion homeostasis in yeast include the calcium-regulated protein phosphatase calcineurin, which regulates both Trk1,2 and the ATPase (62) , and, as demonstrated in fission yeast, some type I protein phosphatases and mitogen-activated protein kinases (2) .
Ptk2 (present work) and Hal4,5 (33) represent the first protein kinases which modulate the major electrogenic transporters of yeast cells (Fig. 7) . Future studies should help to convert this glimpse of the mechanisms of ion homeostasis into a detailed picture of the complex network of signaling pathways which, since early times of evolution, were probably needed to adjust the basic biophysical parameters of cells in response to growth and environmental changes (21, 53) . As the modulation of membrane potential is crucial for the uptake of toxic cations (Fig. 7) , it may be part of the cellular responses to salt stress. The recent identification of a conserved proteolipid which seems to depolarize the plasma membrane (35) and which is induced in plants by salt stress (5) supports this hypothesis.
